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SUMMARY

A series of round rods of the game diameter were ro-
tated individuvually about the mid-point of each rod. Vor-
tices are shed from the rods when in motion, giving rise
to the emission of sound. With the rotating system placed
in the open air, the distribution of sound in space, the
acoustical power output, and the spectral distribution
have been studied. The frequency of emission of vortices
from any Doint on the rod is shown to be given by the for-
mula of von Edrmdn, From the svectrum estimates are made
of the distribution - -of acoustical power along the red, the
amount of air concerned in gound production, the ”equiva—
lent eize" of the vortices, and the acoustical energy con-
tent for each vortex.

IXTRODUCTION

The flow of air past stretched wires has been known
for many centuries to produce muasical tones, and this
phenomenon forms the basis of the ancient Aeolian harp.
This instrument consisted of a number of taut wires of
graluated lengthes fastened to a frame, The device was
placed in a location sudbject to strong drafts and a suc-
cession of pure tones resulted as the alr speed changed in
magnitude. R

The firet investigator to examine this phenomenon was
Strounal (reference 1). He attached vertical wires to a
drum in such a way that they could be rotated about an ax-
is parallel to their length. He found the generated freﬁ_
quencies to be independent of the materiadl, length, and
tension of the wire, and that they depended only on the
speed of rotation and the diameter of the wire. The gen-
erated freguency proved to be

f = 0.185 % cycles
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where V is the relative veloc1ty pf the wire and the me-
dium and 4@ is the wire diameter.

Lord Rayleigh showed that the wire itself-partook of
the vibration to a slight extent, and that the oscillation
took place at right sngles to the wind (reference 2). ¥hen
the wire was ftuned to the frequency f, the sound was
greatly reinforced and the vidration perpendicular to the
wind increased. This condition obtains in the Aeolian
harp. '

Von Kdrmidn and Rubach were the first to sugzzest a ra-
tional explanation of the singlng of wireg (reference 3).
Their investigation of the stadbility of a row of vortices
shed from an obstacle in an air stream showed that the row .l
could exlst only under certain cohditions, viz, 1f the
vortices were released alternstely from opposite sides of
the obgtacle at such a rate that the frequency

f = 0,194 % cyclesg,

where the symbols have the same significance as before.
The alternation of release accounts for tae vibration of
the wires perpendicular to the air streamn and the coeffi- :
cient 0.194 is in Zood agreement with Strouhal's experi-

mental value 0.185,

Relf re-examined the whole guestion experimentally
with respect to vortices (reference 4), He found that the
freguency of vortex formation behind wires immersed in
liguids was given by the von Edrmdn formula; he repeated
the work of Stronhal and obtained practically the same co-
eifficient in the frequency formula.

Richardson tried obstacles of different snapned crose
sectiong in liguids of widely different viscosities and
opbtained substantially the same results (reference 5).

Fage and Johansen (reference 6), investigating the
alr flow behind flat plates, found the coefficient to be
close to 0.15 provided that the gquantity 4 was taken as
the width of the blate projected perpendicularly across
tne air stream.

Tyler, using a vidbration galvanometer, studied the
frequency of vortex release behind cylinders, plates and
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airfoils ‘in ‘air and in liquids (reference 7). EHip results
with cylinders showed nothing new, For plates-'he obtsained
a coefficient of 0,158 and fotr airfoils, 0.150. —This ‘vall’
ue of the coefficient holde for an airfoil only when it is
placed at large angles to the air stream, say from 30° to
909, Below 30° the coefficient varies widely.

The von Karman frequency formula is thus well estab-
lished for nearly all shapes of obstacles, with the execep-
tion of alrfoils at normal angles of’ attack oo

In the case of a full-size propeller blade, an'appre— 
ciadble fraction of the total acoustical power. nutput arises
from the release of vortices. <$Since a dlfferent frequency
ls emitted for every radius, the resulting sound’ spectrum 1
is continuwous from zero freguency to some definite frequen—
cy at which the spectrum stops.

"In order to obtain information of this type of sound
under simpler conditions than obtairned with airfoils, a
study was made of the souad emission: from cylindrical rods'
rotated about thelr mid point., )

EXPERINENTAL ARRANGEHENT

One-half inch diameter cylindrical rods were used.
The ends were cut off sguarely. The rods were divided in
the middle for insertion into a metal hub; from tip to tip
the lengths of the rods were Lg,'lsL_and' 4 inches., :

The rods were mounted in. a vertical plane at the end
of a 36-inch horizontal shaft; they werse driven by a 1/4- -
horsepower electric motor., ”he entire system was mounted.
on a.wooden frame at & height of about & feet from the, _
ground. With this arrangemeunt, tip speeds up to 50-60 me-.
ters per second could be attained. The frame was placed
outdoors during the course of the experiments to eliminate
reflection from walls. :

The sound was picked up by an slectrodynamic micro-
phone and amplified in the conventional manner. Where
necessary, analyses were made. with the F.A.C.A. analyzer
(reference 8). The interpretation of suck analyses where
the spectrum is perfectly continuous is to some exXtent un-
certain; i.e., it is not definitely known whether a large
amplitude at a certain freguency on the record is actually
the result of a large sound pressure at that frequency or



4 ¥.A.C.A. Technical Note No., 519

i.s the result of regularity of emisslon at that frequency
by comparison with adJacent freguencies, . Until fuarther.
information is available,. if will be assumed in this paner
that the records give true sound pressures.-

- ’ .
D
N :

DISTRIBUTION OF SOUND ABOUT THE RODS

Observations of soucd.pressuro about the‘ls inch roa
when rotating at 2, 800 revoiutions per minute gave the
distribution ehown in. figure 1l.. This type of polar dia-
gram would be expected if. the, vortices on the two.faces of
the rotation disk were of. opposite sign, in accordance
with the von. Xarmay: cenception of vortex emission; de-
structive interference would. have its maximum effesct in
the plane of rotation.

All rotating systems. show this digtridbution for vor-
tex noise provided: that no obstacle of-appreciable size is
close enough to disturd the diagram.. If, for. example, =
large driving motor is present directly behind the. rotat-
ing member, the diagram will retain the correct shape in
front dbut will be distorted toward the rear.

ACOUSTICAL POWER OUTPUT

If the distributivh of sound presstre about the rodst
ig assumed to be a perfcct figure of eight, it becomes
possible to measure the power output in sound from pres-
sure measurements at one angular posifion, say along the
axis of rotation. The total powsr output will then be one
half of ‘that computed on the basis of a circular distribu-
tion, since the area of a figure of elght 1s one half that
of: the circumscribed circle.-

~Pressure measurements were taken along the axis of
rotation at distances of 1, 2, 4, 8, 18, 32, and 64 feet
from the 18-inch rod rotating 3,050 times a2 minute. The
prodict of sound pressure and distence should be a con-
stant if the inverse-sBgquare law ls obeyed; this condition
must be satisfied in order that the squations for power
tranemission may apply. The tadble shows the behavior of
this product.
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ﬁ*
4 v
Distance, Sound pressure, Product, ¢ & '-ﬁpyg
feet bars tars-feef & N7 N
. - N b'
1 1.275 T 1.875 R
2 .853 1.725 e
4 i} R .488 -- 1.95 pf
8 .242 1.935 -
16 .120 1.92 ST
32 .0828 ' TtTee=t 2.64 ’
84 G375 2.40

The invérsefsquare law is approximately obeyed be- -
tween 4 and 64 feet, inclusive.  The mean value 6f the =
product in this range is 2.179 bars-feet, or 66.4 bers-
centimeter. A circular distribution would yield a value
of 66 microwatts for the power output, The true power in
gound is therefore 33 microwatts at the speed used, 3,0EC
r.p.m. _ - S

Observations were taken of the sound pressure at a
dAdistance of 6 feet in order to observe the eZfect of vary-
ing the rotational speed. The results are shown in the
tabls. : ' oo : :

Sound Acoustical
Speed, pressure, output,
T.pem, bars microwatts
980 0.0075 oo -— - 0.C135
1200 . 030 - 222
1400 " .045 ' .48 _
1800 .0875 o g <1,09 ' =
1800 .0825 ' : -1.863
2000 .120 ' e = 3,46
2200 .1588 - .00
2405 . 203 -+ .= -10.0C i .
2620 255 ' 15.6 B -—
2R30 .316 : - 24,0 e
3035 - .360 - -31.2

A plot of this relation shows that the vower output
in sound is proportional to the 5—1/2 power of the rota-
tional speed. ' :

Relative observations were also made of the sound
pressure from the 12-inch and 24-inch rods. The increase
in sound pressure with tip speed is shown 1in figure 2.
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The relation is-

Power butput'in'sound'= (consféﬁtj. 1 (tip speed.)s'5
where 1 1is the length of the rod. Thus the controlling

factor that determines the amount_of sound is ghown td be
not the rotation gspeed but the tip spee

' Meoew Abcof MJ:H.A/R'.

SPECTRUM OF THE NOISE

Spectrograms of the vortex sound é6btained with the
N.A.C.A., sound analyzer are  -shown in figure 3. These rec-
ords describe the fregquency distribution of the sound when
the 24~inch rod was rotated at four rotational speeds:
1,080; 1,250; 1,750; and 2,250 r.p.m. The spectra all
show .one maximum which moves out to higher frequenciles as
the rotational speed increases.

Stronhal (reference 1), who wdorked with fine wires
stretched around the circumference of a drum in such & way
that theéir motion was perpendicular to thelr length, found
that the generated frequency was given by .

Y
n = 0.185 E_cyclegéay

where V is the relative velocity of wire and medium and
d 1is the diameter of the wire,

A rotating rod should therefore generate all frequen-
cles from zero to a maximum determined by the value of V
at the tip (neglecting the effect of the square ends). The
maximum freguencies to be expected in the case of the rec-
ords in figure 3 are:

Rotational
gspeed, v Dhmax
r.p.m. cm /sec, cycles
1080 3460 532
1250 4000 . 615
1750 5620 863
2250 7210 1105

A line has been drawn across the records at npsx.

P
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In all cases the linn is noticesbly past the maximum am-
plitnde; it is evideut, nevertueless, that the formula
gives the frequencies generated with fair accuracy.

The form of the wave from any given point on the rod
cannot be very complex for the spectra never exXtend beyond
the frequency 2 np,y. The most that can be said is that
tie wdve contains an appreciable damount of the second har-
monic,

As a further check upon the_freqﬁency'formulas, apec-
tra were recorded of the sound from a2ll %hree Trods, rotat-
ineg at the same tip speed (5,040 cent1mef§?§“né¥“§éﬁ‘-ﬁ)
The expected maximum fregquency should be the spwmé in all
cases, 780 cycles. Figure 4 shows the three rscords ob-
tained; the svectra are seen to accupy fEE'same frequency
region, Ore feanture of particular 1nterest in theseé Tec-
ords is the growth of the isolated freoguerncy &t the Teft
of the record. This frequency is abscont in the cass of
the most slowly revolving rod (24 inches Tong). The 18-
inch rod shows a trace of 70 cycles, twice thie revolution ™
speed; whereas the 12-inch and most rapidly rotating rod
exnibits a very pronounced component at 100 cycles, also
twice the revolution speed. The amplitude of this pure
note evidently devends upon the rotatiomal and not the tip
speed, In bPoth casss where the note was present 1t was'
inauﬁlﬁle. -

The spectra observed wita rods of 1/4—inch instea& of
1/2-inch dismeters were the Saile shape, dut the fregueéen-
cies werse twice as Freat in agreement wlth tne Strouhal

foraula. ' -

Specielly designed rods were constructed with a small
evlindrig onc portion of the rod only, %the
remnsinder being thinuer and of a <shapeo to reduce drag. It
was noped by such mears to obtain a more 6F less isolated
veek in the spectrum corregponding to the emission of a
very narrow band of frequencies from the cvlindr1c£1 por-
tion., This pealk would permit a morg exadt verification of
the freguency formulas. All such attemots were unsu*ggii oo
ful. In no case was a large onough peak fovnd near the
exgected position to ascribe it, without guestion, fo the
action of the cylinder. Until further infofmation is
available, the formalas may, therefore, be taken 28 cor-
rect. :
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PRESSURE FIELD ABOUT THE ROD

If the Stroubal-von EKarmgr formula is taken as cor-
rect. for every point on the rod, it becomes evident that
the sound svectrum, considered now as a function of dila-
tance along the rod, must be closely assoclated with the

(i T utina)

distribution of pressure aloang.the rod when in motion.

- cr——-

Accordingly, the pressure flelds surrounding the rods
were stndied with a microphone a short distance from the
rods.. In order to diminish the effective area of the mi-
crophone and obtain more exact polnt-by~point pressure
readings, & cap was fitted over the microphone completcly
enclosing it and a short tube was fitted into the cap. The
open end ‘of the tube was then used as the pressure probe
to replace the microphone. The open end of the tudbe was
kept at a fixed distance from the plane of rotation.

The variation of the pressure field at any voint for
any rod is shown in figure 5. The magnitude of the pres-
sures variation is proportional to the 1,36 power of the
rotational apeed,. :

The dilstributions of pressure salong the 12-inch rod
for four speeds are shown in figure 6. In ascendling order
the speeds are: 1,500; 2,250; 2,700; and 3,500 r.p.m. The
maximum pressure at the highest spesd was 11,150 bsrs. The
position of maximum pressure gradually shifte away from
the tip as the speed 1s raised.

Similar data taken with the other two rods show the
existehce of the following relation:

pressure at x = constant 1978 p1°3S xq>(%\
4

where x is linear distance measured from the hub.2 The
- -

ona |

function ¢(%> mey be of the general form e~¥ T, + The
sxact form of ¢(%> ig indoterminate to the extent that
\

our knowledge of the accuracy of the frequency formula_ié
incomplete; i,e., the length of rod is a rather indefinilte
guantity with respect to the extent of the pressure fleld,

A comperison of the curves of-flgure 6 with the apec-
tra of figures 3 and 4 shows a gqualitative simllaerity be-
tween the pressure field and sound pressure, considersd as
functions of x.
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DISTRIBUTION OF ACOUSTICAL POWER ALONG ROD

It is known from a previous section that the 18-inch
rod when rotating about 2,800 times & minute emits about
24 microwatts in sound. It should be podsible to effect a
division of this power among the frequency bands, and so

distribute the powsr as a function 6f distance along the
rod.

A difficulty immediately arises owing to the fact
that the spectrum appears continuous. Any section of the
rod large enough to include a vortex would therefore ap-—
pear to be the source of an infinite amount of acoustical
power. The difficulty is only apparent, however, as may
be seen from the following argument. The release of a : ST
single vortex is esccompanied by a single pressure disturb-
ance. Both plienomena are indenendent of_hapnenings imme-
diately adjacent to the released vortex- the result is -
that the emitted sound is not composed of regular wave
trains but of isolated pressure impulses. From instant %o
instant the coafiguration of vortices on the rod changes -
in an irregular fashion, with the result that over a peri-
0d of time required for the analyzer %o .pass l1ts own band
width a sound pressure anpears st all possible fregquencies
in the bund. Thus more sound appesars To have been emltted
than was actually the case. Tt

In order to reduce the spectrum actually obtained to
an egquivalent spectrum that would be obtained if the emis-
sion took place in wave trains, it is necessary to divide
the recorded spectrum into Ffrequency bands of such a width
that the sum of the pressures found in the middle of the
bands will equal the totel pressure measured by a micro-
phone. The band width necessary for thisg purpose is a
measure of the slowness of change of the vortex configura-
tions and may be determined bv trial and error.

In this way it may be determined that a band width of
about 50 cycles will yield correct values of power per '
band within experimental error. Table I shows the distri-
bution of numerous quantities along the rod from hub to
tip, all based upon a 50-cycle band width for the power
distribution. Thé values for acoustical power are for tne
band width of 25 cycles on each side of the freguency in
the previous column., The sum of all the powers is 25.09
microwatts, a difference of 4 percent from the total as -
determined by = microphone. A slightly different band
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width could be foumnd such thét.the sum-of the powers would
amount to exactly 24 microwatts but the accuracy of power
measurement does not justify such a procedure. .

A division of the power output in any band by the
mean freguency over the band will yield a value for the
average sound ensrgy associated with each vortex,. Such
values in ergs are shown in column 4, The energy per vor-
tex shows a maximum at the same place where the power out-
put is a maximum, viz, at 0.7 the length of the rod.

APPARENT SIZE OF VORTICES

A knowledge of the acoustical output of any source
enables an estimate to be made of the rate of introduction
of- fluid, 1n this case air, at the source. If a source is
enitting a power P  at a frequeancy f, when located near
the ground,

e 5

P = — - V® ergs/second

where V 1s the volume of fluid used per second.
P, the density of air.
¢, the veloclity of sound.

A golution for V yields
V = &%ggA/f cma/sec.

Values of the gquantity V are tabulated in table I for
half the length of the rod.

It is evident that the volume of air per vortex may
be obtained by division of column 5 by the freguency.
Column 6 gives these values. Inspection of column 6 re-
veals the interesting fact that the volume of a vortex
does not change a great deal along the raod. TFinally, an
idea of the order of magnitude of the linear dimensions
of a vortex may be obtalined by extracting the cube root
of the volume of a vortex. These figures are shown in
c¢olumn 7. It is geen that from the hub out to 0.81 the
size of the vortices is nearly coastant and of the order
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of magnitude of a few millimeters. The size decreases

from this point to the tip, as far as can be judged from
the emission of sound.

Langley Memorisl Aeronautical Laboratory,
Netional Advisory Committee for Aeronautics,
Langley Field, Va., January 21, 1935.

REFERENCES

l, Strouhal, V.: Usber eine besondere Art der Tonerregung.
Ann, d. Physik uwnd Chemis, vol. 5, 1878., p. 216,

2. Rayleigh, Lord: Aeolian Tones. Phil. Mag., vol. 29,
1915, p. 433,

3. Kdrmdn, Th. v., and Rubach, H.: Mechanism of Liguid
and Air Resistance. Phys. Zeits., vol. 13, no. 2,
January 15, 1912, pp. 49-59,

4, Relf, E. F.: On the Sound Emitted by Wires of Circu-
' lar Section Hhen Exposed to an &Air Current. Phill.
Yag., vol. 42, 1921, pp. 173-176.

5. Richardson, E. G.: Asolian Tones. Proc. Phys. Soc. of
London, vol. 36, pt. 3, April 15, 1924, pp. 153~167.

6, Fage, A., and Johansen, F. C.: On the Flow of Air be-
hind an Inclimed Flat Plate of Infinite Span.
R, & M. No. 1104, British A.R.C., 19237.

7. Tyler, B.: Vortex Formation behind Obstacles of Vari-
ous Sectlons. Phil., Mag. and Jour. of Science, vol.
11, ne, 72, ser. 7, April 1931, pp. 849-890.

8+ Theodorsen, Thsodore: A New Principle of Sound Fre-~
guency Analysis. T.R. No. 395, N.A.C.A., 1931.



TABLE I

Computed Values of V

(These quantities apply to one half the total length of rod)

1 2 3 4 5 6 7
Fractional | ¥reguency | Acoustical Soung Volume of Volume of Approximate
length cycles power, energy air used in | one vortex | linear dimen-
of rod microwastts | per vortex, sound sions of ome
ergs emission vortex,
=t cn’®[sec. cm® em
0.187 200 0.0145 0.00072 3.93 0.0200 0.271
234 250 0370 .00103 4.30 L0171 .258
.280 300 0670 | _ .00223 _ | 5.66 | .0188 | _ .2R4 __
| 327 350 .1485 .00425 7.21 .0206 278
374 400 3575 .00890 9.84 .0246 .289
.420 450 | .2385 00530 7.07 L0157 251
. 467 500~ | 2485 | .00497 5.62 01317 [ 236
514 550 .2950 . 00535 6.44 0117 237
.561 600 2635 .00440 5.63 .0094 .209
.607 650 ~ |  1.4850 | .08280° |  12.20 |  .0188 |  .264 -
654 700 1.8000 .08575 12.50 .0178 261
.701 750 2.9750 LWOB0650 |- 1510 | .R00 | 2%
746 800 I 1.9800 | .02475T | 11,50 0144 243
.795 850 7750 00912 6.79 0079 .199
.841, 900 .B250 .00917 6.63 |  .0073 | .194
. 887 950 ~ | .3785 ~ |  .00398 4,22 0044 | L1638
.935 1,000 3175 .00317 3.68 0037 .153
.98 | 1,060 |  .10@5 .00097 _| 2.00 |  .0018 _| 122
1.030 ~ | 1,100 0710 ~ | .00065 1.58 .0014 141
1.075 1,150 .1170 .00101, 1.58 0013 .107
1.120 1,200 .0585 .00048 1.31 0011 .103
12.545
x2=
25.09

6Lc °"OH 830N T®BOTTUULel "V 'I°V'H
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Figure 3.- Sound speotra from 24-inoh rod at four rotational speeds.
Vertical line indicates computed frequenoy for tip.
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